I n jawed vertebrates, the adaptive immune system is characterized by the exponential diversity of its Ag receptors (1) (2) (3) (4) (5) . In contrast to the receptors of the innate immune system that bind relatively invariant pathogen-associated epitopes (6) , diverse Ag receptor repertoires allow recognition of novel or divergent epitopes on pathogens or toxins.
The diversity of Ig, the BCR, is primarily the property of the V domains of the H and L chains (1) (2) (3) (4) (5) . Diversity is asymmetrically distributed within each V domain (7, 8) . In the primary sequence, three intervals of hypervariability, termed CDRs, are separated from each other by four relatively conserved intervals, termed framework regions (FRs). 4 In the native form of the Ab, the FRs create a scaffold that supports the H and L chain CDRs. These CDRs are juxtaposed to form the Ag binding site. CDR-H1, -H2, -L1, and -L2 create the outside border; CDR-L3 forms the base; and CDR-H3 lies at the center of this Ag binding site. CDR-H1, -H2, -L1, and -L2 are entirely encoded by the V gene segment, and are thus initially restricted to germline sequence, whereas CDR-L3 and -H3 are created de novo by V L 3 J L and V H 3 D H 3 J H joining, respectively. The inclusion of a D gene segment and the addition of nongermline-encoded nucleotides (N regions) vastly enhance the potential for both combinatorial and somatic diversity of CDR-H3. Enhanced diversity and a central position within the Ag binding site allow CDR-H3 to often play a critical role in the recognition of Ag (7, 8) .
The composition of the functional CDR-H3 repertoire is biased in length, amino acid composition, predicted loop and base structure, and charge (9) . The distribution of lengths of both murine and human CDR-H3 forms normal Gaussian curves with differing means, suggesting that each species achieves its own preferred CDR-H3 length (9, 10) . The average hydrophobicity of the amino acids within the CDR-H3 loop also forms a Gaussian distribution centering on neutrality to mild hydrophilicity (11) . This neutral, hydrophilic preference reflects enrichment for tyrosine and glycine residues in the CDR-H3 loop in excess of that which would be predicted by random chance alone (9, 11, 12) .
Construction of CDR-H3 begins early in B cell progenitors. The various defined stages of B cell development can be viewed, in part, as transitions through a series of checkpoints that test the assembly and function of the V domains (13) (14) (15) . A number of studies have established that the CDR-H3 plays a crucial role in these selection processes (16 -18) . In humans, repertoire selection during B cell development is associated with a reduction in the distribution and mean length of the expressed CDR-H3 repertoire (19) , and loss of highly charged or hydrophobic sequences (20 -22) . It has been proposed that the loss of longer sequences as well as those that are enriched for charged amino acids reflects a higher likelihood of self-reactivity in the Igs that bear them (22) .
To gain insight into the mechanisms used to regulate the Ab repertoire, to determine when during development constraints on CDR-H3 composition are imposed, and to establish the extent to which murine development resembles that of humans, we sought to establish the pattern of CDR-H3 repertoire development in mice bearing an IgM a H chain repertoire. We used the scheme of Hardy (14) to sort bone marrow B lineage cells into progenitor, immature, and mature B cell fractions. We then cloned, sequenced, and deconstructed the CDR-H3 component of V H 7183DJC transcripts. We chose to look at RNA message, as this is most representative of the expressed, and thus functional, Ig repertoire. We focused on the V H 7183 family because its germline complement in IgH a alleles has been well defined (23) ; it represents a manageable 10% of the active repertoire (24); patterns of V H 7183 use during ontogeny and development have been well established (23, 25, 26) ; and it contributes to both self and nonself reactivities (reviewed in Ref. 27) .
We show in this study that the essential architecture of the CDR-H3 repertoire, including patterns of gene segment use, amino acid composition, charge, predicted base and loop structure, and average length, is established very early in B cell development, well before the expression of surface IgM. Development appears to focus the repertoire by eliminating outliers to what appears to be a preferred repertoire in terms of length, amino acid composition, and average hydrophobicity.
Materials and Methods

Mice
We sorted bone marrow B cell fractions from four separate mice on three separate occasions. The mice analyzed represent the progeny of mice on a mixed 129/C57BL6 background that had been backcrossed for 10 generations onto BALB/cJ (The Jackson Laboratory; stock 000651). All studies were performed in accordance with Institutional Animal Care and Use Committee regulations.
Flow cytometry and cell sorting
Single cell suspensions were prepared by flushing the bone marrow from two femurs with FACS buffer (1ϫ PBS ϩ 2% heat-inactivated FCS). RBC were lysed in 1 ml of erythrocyte lysing buffer (0.15 M NH 4 Cl, 1 mM KHCO 3 , 0.1 mM EDTA; Comprehensive Cancer Center Media Prep; catalogue ACK) for 5 min at room temperature. Cells were washed and resuspended in an appropriate volume of FACS buffer for counting and staining. The total bone marrow from individual mice was incubated in 500 l of fluorescently labeled Abs in FACS buffer. Sorting was then performed on a MoFlo instrument (DakoCytomation).
The following sets of mAbs were used: for Hardy fractions B and C, anti-CD19 (streptavidin SpectralRed) (Southern Biotechnology Associates), anti-CD43 (FITC) (BD Harlingen), anti-BP-1 (PE) (gift from J. Kearney, University of Alabama at Birmingham, Birmingham, AL), and antiIgM (Cy5) (Jackson ImmunoResearch Laboratories); for fraction D-F, anti-CD19 (streptavidin SpectralRed) (Southern Biotechnology Associates) anti-CD43 (FITC) (BD Harlingen), anti-IgD (PE) (Southern Biotechnology Associates), and anti-IgM (Cy-5).
Sorting, RNA preparation, RT-PCR, and sequencing
From each bone marrow fraction, 2 ϫ 10 4 cells were sorted directly into RLT lysing buffer (Qiagen RNeasy minikit). Total RNA was prepared per the manufacturer's protocol. RNA was eluted in 30 l of water. Subsequently, 10 l of the RNA was used to generate avian myeloblastosis virus reverse transcriptase (Roche Molecular Biochemicals) catalyzed firststrand cDNA with the primer C1 (5Ј-GACAGGGGGCTCTCG-3Ј). The cDNA was diluted 4-fold and used as a template to amplify V H 7183DJC joins by PCR (Qiagen Taq Core PCR kit). PCR conditions were as follows: hot start at 95°C for 3 min; 35 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C; and a final extension at 72°C for 10 min. The primers were a FR1 V H 7183-specific upstream primer, AF303 (5Ј-GGGGCTCGAG GAGTCTGGGGGA-3Ј) (23) , and the C exon 1 primer C2 (5Ј-CAG GATCCGAGGGGGAAGACATTTGG-3Ј). PCR products were subcloned (TOPO-TA Cloning kit; Invitrogen Life Technologies), primed with the AF303 primer, and sequenced at the University of Alabama at Birmingham Heflin Center Sequencing Core. Sequences have been submitted to GenBank under the identifiers AY895210-AY895829.
Sequence analysis
CDR-H3 was identified as the region between (but not including) the 3Ј V H -encoded conserved cysteine (TGT) at Kabat position 92 (IMGT 104) and the 5Ј J H -encoded conserved tryptophan (TGG) at Kabat position 103 (IMGT 118) (7, 28) . CDR-H3 was separated into two components, the base (Kabat aa 93 and 94 (IMGT 105 and 106), typically alanine and arginine; and Kabat aa 100 -102 (IMGT 115-117), typically phenylalanine or methionine, aspartic acid or alanine, and tyrosine or valine) and the loop (the intervening amino acids) (Fig. 1) . 
Statistical analysis
Results
Cells within the Hardy bone marrow fractions B-F were sorted using the gates shown in Fig. 2 . A total of 707 transcripts was sequenced, of which 649 (92%) were unique. Of these, 619 (95%) contained in-frame, open rearrangements. By fraction, there were 66 sequences from B (pro-B), 192 sequences from C (early pre-B), 131 sequences from D (late pre-B), 121 sequences from E (immature B), and 109 sequences from F (mature B).
Preferential use of V H 7183.10 is established early in B cell development
In accordance with previous studies by other investigators (23, 25, 26, 29) , the prevalence of V H 7183.1 (V H 81X) declined with development (B3 F; p Ͻ 0.001). V H 81X represented 38% of the FIGURE 1. Analysis of CDR-H3. In this hypothetical sequence, the location of CDR-H3, the CDR-H3 loop, and frameworks 3 and 4 is shown. Each VDJC sequence was deconstructed and evaluated for V H , D H , and J H usage; P junctions and N addition; the length of CDR-H3 in codons; and the distribution of individual amino acids and average Kyte-Doolittle hydrophobicity (31, 32) in the CDR-H3 loop. Kabat and IMGT (7, 28) number designations for the TGT codon, which marks the terminus of framework 3, and the TGG, which marks the beginning of framework 4, are identified. Amino acids at the extreme (arginine and isoleucine) have been included to demonstrate the range of the hydrophobicity index. A single palindromic nucleotide (T) flanks V H sequence, and DFL16.1 sequence is accompanied by 3 nt of N addition on each flank. The normalized average hydrophobicity of the CDR-H3 loop is Ϫ0.24.
fraction B sequences, 23% of the fraction C sequences (B3 C; p ϭ 0.03), 7% of the fraction D sequences (C3 D; p Ͻ 0.001), 10% of the fraction E sequences (D3 E; p ϭ 0.52), and 2% of the fraction F sequences (E3 F; p ϭ 0.02) (Fig. 3A) .
V H 7183.10 was the most commonly used V H 7183 gene segment in fractions C, D, E, and F. V H 7183.10 increased from 5% in fraction B to 21% in fraction C ( p Ͻ 0.01), and then remained relatively unchanged in fractions D, E, and F (31, 20, and 22%; p ϭ 1.0). Changes in the prevalence of V H gene segments other than V H 7183.10 were also observed, but none of these individual changes achieved statistical significance.
Patterns of D H use remain relatively unchanged with development
Use of the various D H families did not undergo a significant change with development ( Fig. 3B) . Using a minimum of 5 nt of identity to assign germline D H origin, we identified members of the DSP and DFL families in ϳ50 and ϳ30% of the transcripts, respectively. DQ52 was used in 4 -10% of the transcripts, and DST4 contributed to Ͻ2% of the sequences. Due to exonucleolytic nibbling and N addition, we were unable to identify a D H progenitor in the remaining transcripts. The DFL16.1 gene segment was the single most commonly used D H gene segment at all stages of development, representing ϳ20% of sequences in all of the fractions.
Increased prevalence of reading frame 2 in fraction B sequences
A shift in reading frame prevalence was observed during B cell development (Fig. 3C) . We identified 53 fraction B, 152 fraction C, 88 fraction D, 92 fraction E, and 88 fraction F sequences that contained identifiable DFL or DSP gene segments. Reading frame 1 was the predominant reading frame at all stages of B cell development. However, use of reading frame 1 increased from 57% in fraction B to 70% in fraction C, 68% in fraction D, 78% in fraction E, and 78% in fraction F. Use of reading frame 3 decreased from 17% in fraction B to 12% in fraction C, 18% in fraction D, 11% in fraction E, and 9% in fraction F. Use of reading frame 2 began at 26% in fraction B, and then decreased to 18% in fraction C, 14% in fraction D, 11% in fraction E, and 13% in fraction F. The change in distribution of reading frames between fractions B and F was significant at p ϭ 0.02.
Reading frame 3 typically encodes one or more termination codons. Functional sequences containing RF3 were significantly shorter (11.7 Ϯ 0.3 codons) than those using RF1 (12.7 Ϯ 0.1; p ϭ 0.004) and RF2 (12.5 Ϯ 0.3; p ϭ 0.05). No significant differences were observed in the average length of RF1-and RF2-containing sequences ( p ϭ 0.60). 
Increased use of J H 1 in the transition to the immature B cell stage
A shift in rank order of J H use was observed in the fraction B3 C transition (Fig. 3D) . In fraction B, J H 2 (31%) and J H 3 (31%) were the most frequently used J H , followed by J H 4 (27%) and J H 1 (4%). In fractions C through F, J H 4 was the most commonly used sequence (35-40%), followed by relatively equivalent use of J H 3 (26 -27%) and J H 2 (21-28%), and then J H 1 (7-16%). The rise in the use of J H 1 from fractions B (4%), through C (7%), to D (16%) reached statistical significance ( p Ͻ 0.03;
2 ). Use of J H 1 then remained relatively stable (14 and 12% in fractions E and F, respectively).
An increase in average CDR-H3 length with development
The average length of CDR-H3 increased during development from an average of 11.4 Ϯ 0.3 in fraction B to 12.5 Ϯ 0.2 in fraction F ( p ϭ 0.01) (Fig. 4A) . Mouse D H sequences differ in length. To assess the contribution of the identity and length of the D H on the length of CDR-H3, we compared the average lengths of sequences that contained DFL16.1 with those with DSP gene family members, DQ52, or no identifiable D gene segment, respectively (Fig. 4A ). DFL16.1 contains 23 nt, DFL16.2 and the DSP gene segments are two codons shorter with 17 nt, DST4 contains 16 nt, and DQ52 is 4 codons shorter with only 11 nt. For sequences containing DFL16.1, the average length increased from 12.6 Ϯ 0.6 in fraction B to 13.6 Ϯ 0.6 in fraction F ( p ϭ 0.29). For sequences containing DSP family members, the length increased from 11.7 Ϯ 0.5 in fraction B to 12.9 Ϯ 0.2 in fraction F ( p ϭ 0.01; Student's t test). For sequences containing DQ52, the length increased from 9.0 Ϯ 0.7 to 11.0 Ϯ 0.5 ( p ϭ 0.05).
DFL16.1-containing sequences remained statistically similar in length distribution throughout development (Fig. 4A) . With development, DSP-containing sequences converged in length to the DFL16.1 standard, whereas DQ52-containing sequences retained a length disadvantage. In fraction B, sequences containing DFL16.1 were ϳ0.9 codons longer than those that contained DSP gene segments ( p ϭ 0.31) and 3.5 codons longer than those that contained DQ52 ( p ϭ 0.002). In fraction C, the length distribution of DFL16.1-and DSP-containing sequences significantly diverged (13.1 Ϯ 0.4 vs 11.8 Ϯ 0.3, respectively, p ϭ 0.001). In fractions D and E, DSP-containing sequences increased in length to 12.5 Ϯ 0.3 codons, while no significant changes in the length of DFL16.1-containing sequences were observed. By fraction F, the differences in DFL16.1-and DSP-containing sequences no longer achieved statistical significance (13.6 Ϯ 0.6 vs 12.9 Ϯ 0.2, respectively; p ϭ 0.37). However, DFL16.1 sequences retained a length advantage over those with DQ52 (11.0 Ϯ 0.5; p ϭ 0.01).
The increase in length from fraction B to fraction F reflected, in part, a reduction in the prevalence of sequences whose CDR-H3 length was Ͻ9 aa (Fig. 5A) . Due to the larger number of sequences, this was best observed in a comparison between fractions C and F. Of the 192 sequences in fraction C, 24 were 8 aa or less, whereas only 3 of 109 sequences were 8 aa or less in fraction F ( p Ͻ 0.01). This also led to a significant narrowing in the variance of the distribution of lengths ( p ϭ 0.01; Levene).
The increase in CDR-H3 length reflected increased preservation of terminal J H sequence
Sequences containing identifiable D H gene segments were deconstructed to assess the contribution of V H , D H , and J H sequence, and of N addition and P junctions to the change in CDR-H3 length (Fig. 6) . From fractions B to F, the average length increased by 3.4 nt ( p ϭ 0.007), or 1.1 codons. Minor increases in the contribution of the V H sequence (ϩ0.2 nt) and N addition at the 5Ј and 3Ј junctions (ϩ0.4 nt each), which reflected one-third of the increase, were observed. However, none of these rather subtle increases in length achieved statistical significance. In contrast, the contribution of J H germline sequence increased by 2.6 nt, or two-thirds of the total increase. On average, J H sequence contributed 10.7 Ϯ 0. The convergence in length distribution between DFL16.1-and DSP-containing sequences reflected a balance between an increase in the contribution of J H and loss of 5Ј terminal DFL16.1 sequence. At the point of greatest divergence in fraction C, the 44 sequences that contain DFL16.1 lost an average of 3.5 Ϯ 0.4 5Ј terminal nucleotides vs 4.7 Ϯ 0.3 for the 94 sequences that contain DSP 
Increased prevalence of tyrosine and glycine in fraction F
The general bias for tyrosine and glycine in the CDR-H3 loop was first apparent in fraction B and intensified during B cell development (Fig. 7) . Of the 423 predicted aa in the CDR-H3 loops from fraction B, 135 (32%) were either tyrosine or glycine, whereas of the 814 predicted aa in the loops from fraction F, 324 (40%) were tyrosine or glycine ( p ϭ 0.025). Overall, the amino acid composition differed significantly between fraction B and fraction F ( p ϭ 0.01, 2 , 19 degrees of freedom). Fraction B loops, for example, contained more hydrophobic amino acids (11% valine, isoleucine, or leucine) than fraction F (9%). However, these and other changes in the prevalence of individual amino acids did not achieve statistical significance.
Shifts in the prevalence of tyrosine and glycine, in length, and in N addition have been associated with changes in the distribution of the predicted structures of the CDR-H3 loop and base (9, 30) . These types of changes have been observed as a function of ontogeny as well as of species origin. However, in the adult mouse sequences analyzed in this work, the stability in the relative prevalence of amino acid sequence, length, and N addition was accompanied by stability in the distribution of predicted base and loop structures (data not shown). No significant changes in predicted structure were observed from fractions B to F.
A shift in average hydrophobicity from near neutrality to hydrophilicity
To determine whether there was a global change in the distribution of hydrophobicity with development, we used a normalized KyteDoolittle scale (31, 32) to calculate the relative average hydrophobicity of the CDR-H3 loops (Fig. 4B) . We observed a shift to neutrality from fraction B (Ϫ0.15 Ϯ 0.04) to fraction C (Ϫ0.08 Ϯ 0.03) that was followed by shift toward hydrophilicity in fractions D, E, and F (Ϫ0.15 Ϯ 0.03, Ϫ0.14 Ϯ 0.03, and Ϫ0.17 Ϯ 0.02, respectively). The shift in average hydrophobicity from fraction C to D is significant at p ϭ 0.05, and the shift from fraction C to F is significant at p ϭ 0.02.
As in the case of length, the variance in average hydrophobicity decreased with development. This shift in variance was significant at p ϭ 0.03 between fractions B and F, and at p Ͻ 0.01 between fractions C and F. The change in variance is due, in part, to the loss of sequences at the extremes (Fig. 5B) . In fraction B, there was one sequence whose average hydrophobicity score was greater than 0.6, there were 13 in fraction C, 3 in fraction D, 4 in fraction E, and none in fraction F. Similarly, there were 3 sequences in fraction B with an average hydrophobicity score of less than Ϫ0.6, there were 6 in fraction C, 6 in fraction D, two in fraction E, and none in fraction 
Discussion
We have shown in this study that the major patterns of V H , D H , and J H use in the expressed repertoire are already established in progenitor B cells, and thus before the expression of membranebound IgM. The relative prevalence of the various D H families in fraction B remained relatively unchanged from fraction B through fraction F. The rank order of J H prevalence that was first established in fraction C was maintained through fraction F. Consistent with previous reports that focused on rearrangement preference (23, 25, 26, 29) , we found a high frequency of transcripts using the V H 81X (V H 7183.1) gene segment in fraction B. The prevalence of V H 81X then steadily diminished in the progression from fraction C to fraction F. A preference for V H 7183.10 was established in fraction C, and its prevalence remained remarkably stable from fraction C to fraction F. Thus, the dominant pattern of V H , D H , and J H use remained essentially unchanged from fraction C to F.
Fraction C includes cells that are still at the intermediate DJ rearrangement stage, early pre-B cells that have rearranged their VDJ locus, and pre-B cells that express the pre-BCR (15, 33) . Active translation of mRNA is associated with increased transcript abundance due to stabilization of the mRNA by polysomes, a process that is enhanced by B cell activation (34 -36) . If the successful assembly of the pre-BCR activates early pre-B cells, it is possible that assembly may similarly enhance mRNA abundance and thereby stabilize V H and J H preference. Testing of this hypothesis will require detailed sequence analysis of transcripts and mRNA message abundance from fraction C cells that have been separated on the basis of pre-BCR expression.
Our work confirms and extends a previous observation regarding the enhanced use of D H reading frame 2 at the earliest stages of B cell development (25) . The primary mechanism postulated to limit use of reading frame 2 in the expressed repertoire is of the ability of D protein to create a pre-BCR complex (37, 38) , which can then activate the allelic exclusion signal transduction pathway to prevent further V3 DJ rearrangement. We speculate that all of the components of this pathway may not be fully active in fraction B, allowing reading frame 2 DJ rearrangements to undergo V3 DJ recombination. Rearrangement at stages lacking an intact pre-BCR signal transduction complex may represent a mechanism by which (Fig. 1) . The amino acids are arranged by relative hydrophobicity, as assessed by a normalized Kyte-Doolittle scale (31, 32) . Use is reported as the percentage of the sequenced population from each B lineage fraction.
suboptimal H chain V domains may enter the immature B cell repertoire.
Unlike humans, in which the average length of CDR-H3 decreases with development (37, 38) , we observed an increase in the average length of CDR-H3 with development in mice. On average, however, mouse sequences are significantly shorter than human ones (9) . Thus, even in fraction F, the mice lacked the longer CDR-H3 sequences that have been associated with enhanced selfreactivity in humans.
As with humans (19) , the changes in sequence that contribute to the increase in length can be subtle. Although the only significant changes affecting overall CDR-H3 length were the enhanced retention of 5Ј J H terminal sequence and the increased loss of 5Ј DFL16.1 sequence, given the number of sequences analyzed it is possible that our analysis was underpowered to confirm the statistical significance of other more delicate differences. Adjustments to J H and D H length with development and with ontogeny are also observed in humans, macaques, and chimpanzees (19, 30) . They appear to represent common mechanisms used to respond to potentially common selective forces.
The increase in average length of CDR-H3 with development occurred in association with decreased representation of outlier lengths. Although our analysis cannot distinguish whether this phenomenon results from the loss of outliers or positive selection for sequences with lengths closer to the final average length of CDR-H3 in the mature B cell fraction F, the net effect is to decrease the range of diversity, thereby focusing the mature B cell repertoire into what appears to be a preferred range.
As with length, the broad outline of amino acid preference was also established early in B lineage development. Preference for tyrosine and glycine in the CDR-H3 loop was already established in fraction B. With development, the representation of these two amino acids was enhanced. The adjustments to CDR-H3 length, the loss of 5Ј terminal DFL16.1 and the gain of 5Ј terminal J H sequence appear to play a role in this process. The sequences of the CDR-H3 loop portion of the four J H gene segments encode YWY, Y, W, and YYA, respectively. Thus, tyrosine represents 50% of the J H amino acids that can contribute to the CDR-H3 loop. Enhanced preservation of 5Ј J H sequence will enrich for tyrosine at the C terminus of the loop. In reading frame 1, the 5Ј terminus of DFL16.1 encodes tyrosine. The increased loss of 5Ј nucleotides with development has the effect of decreasing representation of tyrosine at the amino terminus of the DFL16.1-containing loops. In humans, there is an asymmetric distribution of tyrosine in the CDR-H3 loop, with the C terminus enriched for tyrosine (9) . The tyrosine gradient increases with increasing loop length. A similar tyrosine gradient is not obvious in mice. However, DFL16.1 gene segment-containing sequences are among the longest CDR-H3 loops. The combination of loss of 5Ј DFL16.1-encoded tyrosine and gain of 3Ј J H -encoded tyrosine may act to prevent a relative enrichment for tyrosine at the amino terminus of the loop. An excess of tyrosine at the beginning of the CDR-H3 loop may be as undesirable in mice as in humans.
The average length of sequences that contain DQ52 converges toward the average for sequences in which the contribution of D H cannot be ascertained. Both of these types of short sequences are less likely to contain tyrosine in the CDR-H3 loop, although glycine is common (data not shown). The role of short, glycine-enriched, tyrosine-depleted CDR-H3 structures is unknown, but they appear clearly distinct from CDR-H3 structures that contain extensive sequence derived from the DFL and DSP gene segments, which are longer and enriched for tyrosine as well as glycine.
The presence of excess charged amino acids has been correlated with self-reactivity (22, 39 -41), especially to dsDNA. Sequences containing charged amino acids have been reported to be sequentially purged from the repertoire (22) . As with length and amino acid use, we observed an adjustment and focusing of the charge distribution of CDR-H3 during B cell development. This reflected not only a decrease in the average charge, but also a significant reduction in the contribution of highly charged or highly hydrophobic sequences.
Together, these data show that the essential architecture of the CDR-H3 repertoire, including gene segment use, length, structure, amino acid composition, and average hydrophobicity, is established early in B cell development before the surface expression of membrane-bound IgM. With development, many of these features are fine-tuned and focused into an apparent optimal range of lengths, charge, and amino acid composition.
These 
